Abstract
Introduction
In order t o recognize an object and to determine its attitude in space, it is necessary to have a method to represent the shape of the object. The extended Gaussian image description model (EGI) makes it easy to determine the attitude of a moving object in space [l] . It is independent of the position of the object (shift invariant). EGI provides a unique description for a convex object, though precise information is limited. That is, no two convex objects have the same EGI. In this paper, we propose a new 3-D object description called MEGI (more extended Gaussian image), which has the capability to distinguish not only convex objects, but also concave objects. This description model is a shift-invariant model which consists of a set of position vectors of surfaces originating from the center of a 3-D object and normal vectors of the surfaces. We also propose a matching scale function called extended spherical correlation, which is rotational and scale invariant, together with a calculation algorithm for this scale function.
More extended Gaussian image
(MEGI) model. Horn and Smith[l] have proposed the extended Gaussian image model as a description model for representing and analyzing 3-D objects. However, this representation does not include information on connections of each surface, and therefore it cannot r e p resent concave objects, .which commonly exist in the usual 3-D object recognition.
The problems described above are caused by information loss for surface position. To solve these problems we proposed a new :3-D shape description method called more extended Gaussian image (MEGI), which includes information on surface positions, so it can describe not only convex but also concave objects.
The (IlXdll = IlYill = 1).
Fisher and Lee [2] proposed the spherical correlation coefficients which are defined as follows:
Definition of the extended spherical correlation
We propose a new coefficient for recognizing 3-D objects with the MEGI model, which is an extension of the spherical correlation coefficients proposed by Fisher and Lee. The definition is a s follows. Equation (4) is a function having a range (0 5 ml 5 1) which is derived from the spherical correlation coefficients by Fisher and Lee. Equation (5) describes the difference in volume between the two objects. a , 0 and y are the constant values whose parameters control the behavior of the coefficient. The parameter a sets the influence of the original spherical correlation, the parameter , I 3 controls the influence of the difference between surface areas, and the parameter y controls the influence of the volume difference between objects for the extended spherical correlation.
The value calculated by equation (4) is rotational invariant since Fisher's spherical correlation coefficients are rotational invariant. m2 derived from equation (5) is a scalar value. Therefore the extended spherical correlation defined by equation (3) is also rotational invariant. Hence using the MEGI model proposed in 2 and the extended spherical correction, we can estimate the matching score which is shift and rotational invariant.
Matching Algorithm Using MEGI

Correspondence determination function
Finding a matching pair of objects is done by finding the maximum EC defined by equation (3) between objecls. In order to calculate the EC which was defined in 3.2, the correspondence ofeach MEGI element (a set of position vectors and normal vectors) must be known. But this correspondence is unknown for general 3-D objects. Therefore: a correspondence procedure for MEGI elements of two objects must be performed in some way. We propose the correspondence determination function (CF) in equations (7) - (10) for determining the correspondence between MEGI elements of two objects.
where xi is the position vector after a projective transformation is performed, Yj is the position vector of the object B, pj and qj are the normal vectors which correspond to xz and Yj, respectively. The algorithm for projective transformation is described in 4.3. a, b and c are constants.
In determining the correspondence of the MEGI elements, a standard surface should be selected. Then each position vector of the other surface is expressed as a relative vector from the center of the selected standard surface. Hence the correspondence determination function is not influenced by movement of the center of the object. Performing these projective transformations on the set of MEGI elements of object A , it is possible to obtain a flexible matching against rotation, magnification and reduction and distortion of the object shape.
Equations (8) and (9) are similarity factors of direction and magnitude derived from each corresponding position vector selected from two objects, respectively. Equation (10) is a similarity factor of direction derived from the normal vector corresponding to the position vector of equations (8) In the corresponding procedure, object A is used as a standard object. Therefore, if the number of MEGI elements of object A is greater than the number of MEGI elements of object B, more than two elements of object B correspond to one MEGI elements of object A. On the other hand, if the number of MEGI elements of object A is less than the number of MEGI elements of object B, some element of object B which cannot correspond to MEGI elements of object A exists. Using these corresponding methods, partial matching, such as where object A is a part of object B, can be performed.
(CF).
In the case where the spherical corre-
lation cannot be defined
The conditions of calculating ml which are expressed as equation (3) are the following. First, the number of MEGI elements is greater than four. Second, at least one set of position vectors within all the combinations for selecting three vectors from the MEGI element of the object is independent; in other words, there are at least three position vector sets which have different directions. This condition is satisfied easily for general 3-D objects, but it cannot be satisfied for data which consists of a range data observed from one side of the object. In this case, mi, which is defined as follows,
is used instead of ml in equation (4). It represents the difference of each corresponding angle between two normal vectors which are selected from normal vector sets of object A and object B, respectively. The range of mi in this equation is -1 5 mi 5 1, and mi is rotational-invariant, as in equation (4).
Matching Algorithm
The matching process for each MEGI elements is performed using the following algorithm. Case 2 is the special stage when the spherical correlation cannot be defined.
Case 1 Step 1 If one of two objects has less than three MEGI elements, go to C,ase 2
Step 2 A standard surface is selected from object A as that with the lazgest surface area. Next, the most orthogonal three vectors which are translated to relative vectors originating from the center of the standard surface are selected, whkh vector set we call '.'the basis of object A." If no independent vector set can be obtained for any surface, then go to Case 2.
Step 3 The standard surface and some sets of surfaces which have position vectors similar to the basis of object A are selected from object B. We call these selected vector sets " the basis of object B." If an independent basis set cannot be obtained, then go to Case 2.
Step 4 Projective transformation is performed for each MEGI element of object A, using the basis of object B.
Step 5 The element of object B which takes the largest value of correspondence determination function corresponds to the element of object A after projective transformation.
Step 6 The extended spherical correlation is calculated (the standard surface selected at Step 3 denotes vector number 0 in equation (6). If all normal vectors take the same direction, m: defined by equation (11) is wed instead of ml in equation (4).
Step 7 The extended spherical correlation for all sets of standard surfaces, and the basis selected at Step 3 are calculated. The largest value of the calculated extended spherical correlation is defined as the correlation between two objects.
Case 2
Step 1 All possible corresponding sets are calculated between MEGI elements of two objects.
Step 2 The extended spherical correlation for all sets is calculated using mi in equation (11) instead of ml defined by equation (4).
Step 3 The extended spherical correlation for all sets selected at Step 1, is calculated. The largest value of the extended spherical correlation is defined (as the correlation between two objects. 
Experimental Results
This matching algorithm using the MEGI model has been implemented, and we show a example of 3-D object recognition using real range data. In the experiments, coefficients a , b and c in equation (7) are set at 1.0. Sixty-four bases of objects described at
Step 3 in 4.3 are selected. The experiments involving real range data [3] of five objects were measured. The five acquired range data shown in Figure 1 . has much occluded surface. And we also constructed five 3-D shape models (CAD model) respectively. Table 1 shows the matching correlation using the extended spherical correlation between acquired range data taken from one side of an object and constructed it's 3-D models. From this experimental result, it is possible to recognize the object from the range data
Conclusions
A description method for recognizing 3-D objects including convex and concave shapes has been developed. This description is an extended description from extended Gaussian image. A recognition method using the extended spherical correlation is also developed in this paper. Furthermore, a matching algorithm for MEGI and an extended spherical correlation are also proposed.
MEGI is a model which has position information for each surface in addition to normal vector information on the object. Adding this extension, it becomes possible to recognize a 3-D object including convex and concave shapes which is impossible to recognize using EGI. Presently, experiments using complex shapes obtained from real range sensors with noise being conducted by our group.
--using the extended spherical correlation calculated from MEGI, even if there are some occluded surface in the measured range data.
